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Abstract
In this paper we discuss the behaviors of catalysts at industrial
scale. The research done over the past decades was done at low
temperatures and low pressures which is not able to accurately
represent the catalytic effects in industrial environments. We
decided to look onto a palladium(100) surface with an optical set
up. This provided us with the means to gain insight of the
processes at work on a macroscopical scale. our set up is able to
measure the reflectivity of the surface. We look at the mediated
oxidation of carbon-monoxide. This reaction can be mediated
using in two ways the Langmuir-Hinshelwood mechanism and
the Mars-Van Krevelen mechanism. The former mediates the
reaction without letting the palladium react where the Mars-Van
Krevelen mechanism takes over when oxygen pressures are high
enough to react with palladium forming palladium-oxide. We
take this oxide layer to grow according to the Mott-Cabrera theory
and this is measurable optically for the oxide layer is less
reflective. Using this occurrence and the fact that during reaction
with CO the oxide layer roughens we can see the reaction
mechanisms oscillate over the entire sample at the same time. The
results that we have obtained are not yet complete, but the
concept shows a lot of promise when for the last kinks in the
cables have been taken out.
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Chapter1
Introduction
In the past decades science has made enormous leaps in the field of sur-
face science. With the recent development of effective surface probing
techniques we can image the surfaces of materials with atomic resolu-
tion. With this resolution, reactions occurring at the surface are measur-
able which made it possible to do accurate research on a very practical
aspect of surface science, catalysis[1].
The definition of a catalyst: ’A substance that increases the rate of reaction
toward an equilibrium without being consumed itself’, describes the prac-
tical use of it. By adsorbing and binding reactants a catalyst significantly
reduces the energy necessary to let a reaction occur figure (1)[2]. This phe-
nomenon is useful in both industrial processes producing large amounts
of chemical products and more every day processes to reduce the harmful
gases common devices generate.
One of the earliest examples of an industrial catalyst is the lead chamber
process, discovered by John Roebuck in 1746. This means that a century
before the first definite definition of catalysis, it was already discovered
that producing sulfuric acid by oxidizing sulfur-dioxide was possible at
lower temperatures when pure nitrogen was introduced to the reaction
chamber[3]. This process where the reactants are in the same state as
the catalyst later became known as homogeneous catalysis[2]. This in-
troduced the usefulness of catalysts in the industry and was innovated
many times over the next centuries. Homogeneous catalysis was mostly
replaced by heterogeneous processes, so with reactants in a different state
than the catalyst. Catalysts became smaller and cheaper and eventually
90% of all industrial processes made use of catalysts[2].
The need for catalysts grew as the industrial revolution made its course.
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Figure 1.1: Graph showing the energy needed to bind two reactants. The product
of the process has a lower binding energy than the two reactants making this the
preferred state, but in order to bind a certain energy barrier has to be overcome.
(Dotted line) A catalyst lowers the required energy mediating the reaction by
first adsorbing the reactants aligning their valence electrons. After binding, the
product of the reaction desorbs from the surface. [2]
In the name of progress many production methods also generated large
amounts of harmful gases, to the environment, but also to the people in
the direct vicinity. The combustion engine for instance is used by every-
one who owns a car. It exhausts significant amounts of carbon monoxide.
This highly lethal gas is reduced by integrating a platinum or palladium
catalyst in cars.
Despite the overwhelming use of catalysts by the industry the first quanti-
tative descriptions of the processes of heterogeneous catalysis were given
in the early twentieth century. Irvin Langmuir and Cyril Hinshelwood
set up the reaction equations describing the catalytic properties of many
metallic catalysts. In the next section these processes will be explained in
detail, but realize for now that although the catalyst has been a cornerstone
in the industry for decades, the academic understanding of the processes
is relatively new [4].
After the mathematical descriptions were formulated, the research of the
surfaces in heterogeneous catalytic reactions made a noticeable turn with
the development of multiple surface observation techniques. Low Energy
Electron Microscopy (LEEM) is a technique capable of imaging clean sur-
faces with high resolution both in the lateral and in the vertical direction
2
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3[5]. Furthermore there are the scanning probing microscopes Atomic Force
Microscopy (AFM) and Scanning Tunneling Microscopy (STM). These tech-
niques measure the surface structure by moving a tip on the nanometer
scale over the sample measuring the resistance of the height differentials
against the tip for AFM, and the tunneling resistance for electrons from
the sample to the tip for STM. The scanning probe microscopes can reach
resolutions up to 0.1A˚[1][6].
With the different images we could read the crystalline structures of metals
and see how substances were adsorbed onto these structures. The quest
for understanding catalysis was given new life and within the last thirty
years the basics of catalytic processes have been made clear to us.
However, the imaging techniques have their drawbacks[7]. For instance,
LEEM is a very delicate technique. The surface has to be very clean and
is very hard to achieve outside of Ultra High Vacuum (UHV)[5]. STM and
AFM are usable outside of UHV more easily, but most experiments have
still been conducted in UHV and at low temperature to increase tempo-
ral resolution. This poses a problem, our knowledge of catalysis is almost
entirely based on research done at ultra high vacuum. This is hardly repre-
sentative for the understanding of the industrial processes since they work
on a range from 1 to 100 atmosphere[2]. This pressure gap [8] is a discrep-
ancy that we cannot ignore. The surface free energy is affected strongly by
the gas flow, but also by the pressure around the surface[9]:
γ = f s −∑
i
µi(p)Γi (1.1)
Here γ is the surface free energy, f s the Hermholtz free energy of the Gibbs
dividing energy surface per unit area, µi is the chemical potential for gas i
and Γi the adsorption component for i. In order to see the catalytic reactions
with a surface free energy comparable to that of industrial situations we
need to raise the pressure toward atmospheric ones.
An example of the importance of studying the effects of the pressure gap
can be found in recent research into CO oxidation on Pd(100) using Monte
Carlo simulations [10]. In a vacuum and under stoichiometric supply, CO
and O2 will create a surface oxide on the palladium, see the next section
for more information about this. The Monte Carlo simulations describe
that even with small pressure differences the equilibrium can locally shift
from the oxidized state to the reduced state. This results in a non-uniform
surface in industrial catalysis and should be studied.
Recently, multiple techniques have been able to break through the UHV
barrier to the ambient pressure regime. TEM, AFM and STM all are tech-
niques that can accurately measure the surfaces of metals at industrial lev-
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els. However, there is a second problem, the techniques require areas on
the nanometer scale to maintain their accuracy[1][6]. This still does not
truly solve the pressure gap problem proposed by the theoretical Kinetic
Monte Carlo theory. The non-uniformity of the surface happens on a larger
scale[11]. There is a very elegant yet simple solution for solving these
shortcomings, an optical set-up. With this set-up we are able to measure
with a large area in real time and with the new knowledge, attained with
the scanning probe microscopes, we can see how a catalyst reacts under
different temperatures and gas pressures in real time and on every point
of the surface at once.
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Chapter2
Theory
Optical microscopy on catalysis is possible due to our current understand-
ing of the mechanisms governing catalytic reactions. As you can imagine
the spatial resolution of an optical set up is insufficient to observe individ-
ual reactions. However, making use of the different states in which palla-
dium can react, we can differentiate between the different reaction mech-
anisms and gain insight in the uniformity of the system. In this section I
will give an explanation of the processes occurring in the experiment. For
our experiment we will be looking at palladium(100). This is a metal in
a lattice with a face centered cubic structure and we will be looking at its
(100) surface, which is the plain perpendicular to the x axis of the crystal
its primary axis. This surface will have an hexagonal structure[12] (figure
(2.2)),
Palladium is a car catalyst and is very efficient in mediating the reaction
between carbon monoxide (CO) and oxygen (O2)[2].
2CO + O2 ⇒ 2CO2 (2.1)
At low temperature and under low oxygen pressure the heterogeneous
catalytic properties of Pd(100) act following the Langmuir-Hinshelwood
mechanism[13][14]. The Langmuir-Hinshelwood process is the most com-
mon form of catalytic mechanisms. The catalyst surface is capable of ad-
sorbing the reactants [15]. The palladium adsorbes CO and O2. When
adsorbed O2 dissociates freeing its valence electrons. If an oxygen atom
is adsorbed adjacent to a CO molecule the catalyst decreases the energy
required to form a bond between the molecules to make carbon dioxide.
The CO2 is unable to stay bound to the surface of the palladium due to its
shape. The angle between the two oxygen atoms does not fit the crystal
and CO2 gets released into the air, reopening the surface to adsorb another
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CO or O2. This reaction has a favored direction, CO can bind to a O2 cov-
ered surface, but not vice-versa[13]. This results in CO being the limiting
factor in the reaction. Because of this it is interesting to raise the oxygen
pressure. The reaction will improve and at a certain point at high enough
temperature or pressure the oxygen will react with the palladium forming
a uniform PdO layer over the surface [14]. This layer can react with the
CO directly, so that every CO can bind directly to a oxygen atom from the
surface layer without being adsorbed itself. In this state the CO2 produc-
tion is linearly dependent with the CO input[? ]. This process is called the
Mars-van Krevelen mechanism[9].
Langmuir-Hinshelwood Equations
CO + *⇒ CO*
O2 + 2*⇒ 2O*
CO* + O*⇒ CO2 + 2*
Here * stands for the vacancies in the surface [16].
Mars-van Krevelen equations
2Pd + O2⇒ 2PdO
CO + PdO⇒ Pd + CO2
for a visual representation of the two mechanisms refer to figure (2.1)
[]
Figure 2.1: The left picture shows a schematic view of the Langmuir-
Hinshelwood mechanism. Carbon monoxide and oxygen are being adsorbed on
the surface in steps one and two after which they bind and get released again in a
third step. The right picture shows the Mars-van Krevelen mechanism. Observe
that the top layer is a combination of oxygen and palladium and that the two re-
actions are continuous non dependent of each other. Note that reaction 1a is not
the only process filling up the surface but diffusion of the surface also fills them
up with oxygen or pure palladium[9].
The oxidation of palladium gives a smooth surface. When Pd(100) re-
acts with oxygen the PdO will form a (
√
5×√5)R27◦ [14][17] structure on
top of the metallic Pd figure (2.2). When a CO molecule extracts an oxy-
gen molecule from the surface oxide it leaves a hole in the surface of the
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7oxide. This lowers the lowest energy state and allows diffusion[8][18]. In
a few cases the created hole functions as a gate for the underlaying pal-
ladium to diffuse on top of the oxide layer. At this new location outside
of the initial, well defined structure, the palladium can react with oxygen
forming an imperfection in the surface making it more rough. Maintain-
ing the process at high oxygen pressure and letting the carbon monoxide
flow continuously, the surface of the sample will be transformed into a
very rough bulk structure [8] see figure (2.2).
(a) (b)
Figure 2.2: A visual representation of the used palladium structures. a) A
schematical view of Palladium its structures. On The left is the structure of the
Palladium oxide, on the right is the metallic Pd(100) [11]. b) STM image of the
palladium oxide.
Figure 2.3: Bragg reflection: The incident lightwave is reflected by the molecules
at different layers of the structure. The phase difference of the light is determined
by the extra distance the light has to travel before it exits the sample.[19]
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Using these phenomena we can determine the different structures of
the catalyst. When palladium is in its metallic state the reflectivity is very
high, but when it oxidizes the structure will only partially reflect the in-
cident light wave. The remainder of the light will be led through to be
reflected on a different layer. When the later reflected light leaves the ox-
ide it leaves parallel to the incident wave, but at a different phase. This
results in destructive interference lowering the intensity of the reflected
light. This is called the Bragg reflectivity[19]. figure (2.3). Bragg reflec-
tivity is directly correlated with the oxide thickness. As long as the layer
thickness remains under thirty nanometers the reflected light will keep de-
creasing. When the oxide reaches a thickness of 30 nanometers the phase
difference in the light will be exactly pi. We have taken the oxide to grow
according to the Mott-Cabrera theory[20]. This way with a measured re-
flectivity, we are able to calculate the thickness on the oxide on all places
on the surface. For the reaction we can look at the roughening of the sur-
face. The (
√
5 ×√5)R27◦ oxide structure is a very smooth one and reflects
light falling on it perpendicular to its surface back up in a straight line.
When CO is introduced the surface roughens up and the surface will scat-
ter the light it receives. As a result the reflectivity drops even further. This
means it is also possible to optically detect the reaction activity on specific
points of a sample in real time.
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Chapter3
Materials and methods
For the experiment we have measured both the intensity of the light re-
flected from our sample and the effectivity of the catalyst by looking at the
gas input and output. The optical part of the experiment is a reflectometer
deflecting light of a Light Amplifying Diode (LED) on the sample inside
of the reactor, after which it is reflected back on a charged coupled device
(CCD) camera. In the next subsection the specifics of the main components
will be discussed in detail.
3.1 Materials
LED We use a Thorlabs M625L3 LED. The LED emits light with a wave-
length of 625 nm. The light is monochromatic and polarized. In
order to prevent self interference the light will be diffused in the ex-
periments. Because of this effect a laser was not used. See figure (3.1)
for an example of the effects of polarized light.
Lenses 3 lenses were used. Lens 1 has a focal length of 40 mm and a
numerical aperture of 0.554. It was designed to capture as much
light from the LED as possible and to create a parallel beam. Lens
2 has a focal length of 10 cm. It was used to focus the beam on the
sample and lens 3 with a focal length of 6 cm was used to create a
parallel beam again for the CCD to capture.
CCD The light is measured and recorded by the Basler acA2500-14gm
CCD camera. This camera was chosen for its controllability. With
the pylon viewer program we are able to change the pixel gain and
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binning, the integration time and sampling time. The camera detects
monochromatic light at twelve bits per pixel.
Palladium(100) The sample is a cylindrical piece of palladium with a di-
ameter of 1 cm. Pd(100) has a hexagonal surface lattice. In contrast
to many other forms of palladium surfaces the Pd(100) surface is in-
dependent of surface coverage [21].
Thermocoupling and heat element A Boralectric heat element was used.
This is a heater that is chemically inert and can heat the sample to
a maximum of 2000 Kelvin within twenty minutes. The heater is
powered by a Delta ES 030-5 power supply. The temperature of the
system is measured by a thermocouple and held constant with a neg-
ative feedback loop.
Gas supply The gas flows are controlled automatically by the LPM gas
supply system. The system allows us to set specific ratios and will
minimize fluctuations in these ratios effectively. The gases are mixed
in a MIX valve. This chamber measures the ratio and releases this
toward an MRS. In the MRS the mixture will be sent to the reactor or
expunged from the system when the mixture is not right. See figure
3.2 for a schematic representation of the system.
RGA We use a LPM T100 Gas analyzer, which is a standard mass spec-
trometer able to measure pressures between 10−7 to 10 Bar.
Other optics We are also using half mirrors, pinholes, a diffuser and reg-
ular switches.
3.2 Setup and output
In order to maintain the industrial conditions needed to stimulate spon-
taneous equilibrium oscillations, the sample is measured within a reactor.
The reactor holds the palladium in its middle under a window through
which the LED light can enter. The sample is mounted directly on top of
the heating element, in order to maintain the best possible control over
the temperature of the sample. The gas input and output are placed at
the sides of the bottom of the reactor pointing upward. This results in a
flow of gas going over the sample from the direction of the gas inlet. This
direction is visible when reducing the sample back to its metallic state by
the time difference in reduction at both sides of the sample. Everything in
10
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Figure 3.1: The output of the system when a diffuser was not used. The lines over
the sample are not due to reaction or oxidation, but due to the polarization of the
light. The lenses focusing the light bends the light very slightly yet enough for
the wave to overlap. This annuls the wave at certain lines generating inconsistent
pictures.
the reactor is held in place with an O-ring. The reactor can hold pressures
up to six bar. With the gas supply, the system is capable of refreshing each
gas every 5 minutes. See figure (3.3) for a schematical drawing of the re-
actor. The reflectometer is a homemade light focusing product. It is build
with standard holders. The light produced by the LED is diffused by the
diffuser after which the first lens will focus the light into a parallel beam.
After the first lens the second lens will focus the light upon the sample.
a pin hole of 150 µm is placed between the sample and the lens to lessen
any distortions. After reflection the light travels toward the CCD to be
measured. In this research we have focused on obtaining results at differ-
ent gas ratios at comparable temperatures and pressures. The experiments
are done at 317◦ Celsius and at 1 bar. In the first part of the experiment we
have looked at the surface reactions with stoichiometric ratios between
CO and O2. Previous experiments done at a 1:1 ratio suggested a higher
reaction rate for the edge of the sample where the gas flows in. The other
experiments were done with a very high oxygen flow. These experiments
had the same goal, but were also to see if the diffusion rate of the sample
is affected by the abundance of oxygen. Here we expect that reaction will
be limited to the edge where the gas input is.
The results are given by the absolute intensity in greyscale. Areas of 90
by 90 pixels were chosen over the sample and compared. We chose five
places, three in the corner where the gases flow in, one in the middle of
the sample and a last one on the far end of the sample. (see figure (3.4))
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Figure 3.2: The schematic representation of the gas flows in the set up. In the
left bottom the different gasses are shown, these gasses are taken through the gas
specific MFC’s after which they will be mixed in the MIX. The MIX sends the gas
in to the reactor in the desired ratios while purging the access gas through the
shunt. After the reactor the gas will be put through the Mass spectrometer (QMS
in picture) after which it will be pumped from the system.
The optics cause a non uniform lighting of the sample. Because of this
the differences in brightness on different areas of the samples should be
accounted for. This is done with normalized linear regression techniques.
Brightness of the metallic state was used as flat-field providing a normal-
ization constant for each part of the surface. When the input is constant
the reduction of reflected light is constant at small time intervals. By mea-
suring the slope of the graph in countssecond over the entire sample and setting
this difference over the sample in an image we are able to see the reactivity
of the PdO layer and see the rate in which the oxide thickens. In the other
results we did not normalize the CCD measurement. This is visible in the
results. Since the reflectivity drops at a comparable rate over the sample
there is a difference in absolute intensity measured by the CCD. The light
will reduce in percentages of the inputted light [9]. Because of this the ab-
solute difference in brightness is larger at the brighter spots on the sample.
In figure 3.5 an oxidation result is shown to underline this occurrence. In
later experiments the intensity of the LED light was scaled down in order
to reduce the effect, but was never taken completely away.
We control the pressure with argon. Argon is an inert gas capable of clean-
ing the reactor without interacting with the sample. With the flow rates
12
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we use argon takes around five minutes to purge the system of all non
adsorbed gases. With argon we make sure that during an experiment the
amount of gas that is introduced to the system per second is constant over
time. Also argon is capable of countering many fluctuations in pressure.
Figure 3.3: A cross section of the reactor. The Palladium crystal is mounted on
top of the heater. The blue arrow shows the gas input, the red arrow shows the
output. Note that the gas input is not in the middle of the reactor, but actually at
the side. The thermocouple is not shown in this figure, but the sensor is placed
at the screws between the heater and the sample holder. The O ring shown holds
the entire set up together.
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(a) Metallic (b) (
√
5X
√
5)R27◦ oxide (c) Locations
Figure 3.4: A figure containing the output of the system. Figures a and b are
pictures from the sample in its metallic and (
√
5X
√
5)R27◦ oxide structures. The
bright spot on the left top corner of the metallic state is due to a fault in the optics,
the (
√
5X
√
5)R27◦ oxide is made with the same optical imperfections, but due
to the reduced light it is no longer eye catching. Figure c shows the reflection
locations chosen to analyze. The colors coincide with the line colors in the rest of
the results.
14
Version of August 17, 2016– Created August 17, 2016 - 11:12
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Figure 3.5: Figure showing the intensity of the reflected light in grayscale. The
colors coincide with the locations shown in figure (3.4c). The left most part shows
the sample in its metallic state where reflectiveness is at its maximum. The differ-
ence in this maximum value is due to the lenses reflecting the light non-uniformly
on the surface. The absolute brightness decreases faster for the brighter parts of
the surface.
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Chapter4
Results and discussion
We will be discussing the more notable results obtained by the experi-
ments. The stoichiometric experiment and the high-oxygen-ratio experi-
ment will be handled within their own right for these are the results testing
our hypotheses. Another section focuses on the discussion of the experi-
ment and an outlook for future experiments.
4.1 Stoichiometric experiment
The first part of the research focused on the reactivity of the sample under
stoichiometric ratios, meaning PCOPO2
= 2. A very low flow rate was used
so the gases in the chamber where refreshed in the order of minutes This
was to test the uniformity of the gas flow. The experiment was executed
in an environment with a constant pressure of one bar and a temperature
of 317◦ Celsius. The experiment has five steps:
Stoichiometric experiment
Reducing the sample
Filling the chamber with argon
Oxadizing the surface
Start reaction
Reducing the sample
The results of the experiment are shown in figure (4.1). We will explain
all steps chronologically.
Before the experiment the Palladium is reduced completely with CO. This
must be done for at least half an hour to purge all O2 from the system. Af-
terwards the chamber is filled with argon. The flow rate of argon is very
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high to quickly empty the chamber of CO and fill the chamber with pure
inert gas. At this point when O2 is introduced, reaction will be limited to
the adsorbed CO on the surface. At t = 0 in figure (4.1) O2 is introduced.
After two minutes the O2 will reach the Mass Spectrometer. When the
oxygen pressure is sufficiently high the Pd starts to oxidize. The first few
seconds the oxidation is almost instantaneous after which the brightness
reduction decreases fast. This is in agreement with our hypothesis that
the PdO grows following the Mott-Cabrera theory. When the Palladium
is bare, the oxygen reacts directly. However, when a PdO layer has been
formed the oxygen first needs to bind to the PdO after which it will be
let through to the palladium or the palladium goes to the surface thick-
ening the PdO layer by layer. As the layer thickness increases the energy
needed to form a new layer is increased, until the thickening is completely
stopped. At t = 800 s, we added CO to the gas flow so that PCOPO2
= 2. At this
point the reflectivity of the sample will decrease further. The slope gets
steeper with increasing speed. We recognize this as the diffusion happen-
ing at the surface.
The increase in the roughening of the surface is shown through the out-
put of the gases. The amount of oxygen in the chamber keeps decreasing.
With less oxygen in the chamber palladium will react slower. Palladium
has more time to diffuse resulting in more Pd reaching the surface (see sec-
tion 4.2 for more about this). At t ≈ 1500 s the oxygen pressure is reduced
to the point that it can no longer maintain the PdO. The surface reduces
instantly and simultaneously over the entire surface. After this the O2
pressure will be in equilibrium, but CO pressure will stop being so and
start rising. This spontaneous breaking of the symmetry is not expected.
From the experiment we have been able to conclude the superiority of the
Mars-van Krevelen mechanism over the Langmuir-Hinshelwood mecha-
nism, for the reduction of CO from exhaust gases.
At t ≈ 1800 s the reaction was cut off and the reactor filled with argon.
Here the data show the CO and CO2 pressures decay as followed: PCO α
PCO2 . O2 however, decays a lot faster. The data does not show any proof
against uniformity in reactions on the surface. Looking at the lines it seems
that every spot measured forms an equally thick PdO layer.
18
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Figure 4.1: Top figure: The grayscale of the sample against time. Bottom figure:
The gas output of the system on a logarithmic scale. t = 0 is the start of the input
of oxygen to the system, however due to the low refresh rate of the gas the time
the mass spectrometer measures the output is shifted by a few minutes.
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4.2 High O2 to CO ratio experiment
For the second experiment in our research we looked at the sample with
an abundance of oxygen. A ratio of PCOPO2
= 27 was used. The experiment
was done at 317◦ Celsius and 1 bar. The experiment has two parts, done
in multiple steps. The first phase was looking at the reaction started from
an oxidized surface with periods where we did not add any reactants. The
reason for this was to look for any discontinuities. The second phase was
done at a constant oxygen pressure. Here CO was added with intervals of
20 minutes. The two phases have a reduction period between them and
both start in a chamber filled solely with inert gas.
The results are shown in figure (4.2), the steps are as follows:
phase 1
1. Reducing the sample
2. Filling the chamber
with argon
3. Oxidizing the surface
4. Start CO and O2 at
twenty minute inter-
vals
phase 2
1. reducing the sample
2. Filling the chamber
with argon
3. Start oxygen flow
4. Start CO flow with
twenty minute inter-
vals
5. reducing the sample
The results show a few peculiar artifacts. First let us look at the sec-
ond phase. The surface structure seems unaffected by the reaction. As
explained in the theory and shown in (4.1) we expect the brightness to re-
duce when the reaction starts due to diffusion. It seems that oxygen is so
dominant over CO that the palladium has no time to diffuse and oxygen
binds to the newly available palladium instantly. This prevents the bulk
structure from forming and the surface of palladium will remain smooth
while thickening. The first phase does show terraces, however these are
due to the filling of the room with argon and the thickening of the oxide
stops temporarily. From the data it is not visible whether the bulk struc-
ture is formed during the start of the reaction steps.
Lastly it should be noted that the result has an unexpected parameter. We
expected the reflectivity due to pure oxidation to be equal under equal en-
20
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Figure 4.2: The results of the experiment with high O2 pressures. The top figure
shows the greyscale of the second. The middle picture shows the gas output of
the system. The bottom picture shows the gas input. The experiment consists of
2 phases. The first phase starts at t = 0 s and ends at t ≈ 6000 s. Here the reaction
is alternated with an argon filled reactor. Phase two is t ≈ 6000 s till t ≈ 10000
s where the reaction is alternated with an oxygen filled chamber. The dip at t ≈
1800 s is due to a short temperature swing.
vironments from a reduced sample figure (4.2). shows that this is not true.
The two phases of the experiment are identical for the first 1000 s, but the
reduction in reflectivity is larger in the first phase of the experiment. We
expect this to be due to the difference in duration of the CO step. How-
ever, this is untested.
4.3 Other results and discussion
In the previous experiments we have looked solely at the absolute inten-
sity of the light reflected by the surface, but the surface is not uniformly
lit. This prohibits us from concluding the surface grows uniform oxides.
The results suggest the absence of macroscopic differences on the surface.
However, we are unable to look at the small scale differences with an ab-
solute measurement since we expect a difference in reduction. Therefore,
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Figure 4.3: The linear regression of palladium during reaction when PCOPO2
= 27 . In
the image the slope is shown in grayscale. When a spot on the sample gets more
rough over the given time, it will look darker in the image. The dark ring in the
image suggests a particularly reactive spot on the sample, where the white area
suggests there is no reaction at all. The rest of the sample reacts uniformly.
we have also looked at the high-oxygen experiments during reaction using
normalized linear regression techniques. The metallic state of palladium is
known to be uniform. By taking this state as the flat-field for our normal-
ization we have calculated the normalized brightness reduction. The re-
sult can be seen in figure (4.3). This analysis shows us the non-uniformity
of the system. The black ring shows us that upper right corner, where the
gas is introduced to the system, undergoes a larger reduction of brightness
in comparison to the rest. The slope here is approximately 0.3 countssecond steeper
than the rest. The ring shows a higher diffusion constant at the edge of the
sample. This difference is significantly smaller than the brightness reduc-
tion due to the thickening of the oxide. We believe this difference is not
due to an increased effectiveness at this spot but due to an inconsistency
in the gas flow. The white area before the black one shows that the oxygen
barely interacts with this area. The gas entering the system from the bot-
tom of the reactor generates a flow that only reaches the sample after the
first square centimeters. The CO then interacts with the sample before it is
depleted in the first part of the catalyst.
This poses a problem. In a project determined to find inconsistencies on
a catalyst on a large area, it is counter productive to measure with an in-
consistent gasflow. Also small differences in the PdO thickness can be
caused by differences in local pressure. For future experiments the gas
22
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input should be reconsidered. A more direct gas input should be made
creating a turbulent flow. With this set up scarce reactants will not be
used up completely before reaching the middle of the sample. It is clear
that high oxygen pressures do not generate the desired results. The goal
of the research is eventually understanding catalysts macroscopically to
improve the effectiveness of the CO reducing properties. Following the
Mars-van Krevelen mechanism the CO reacts directly with the surface of
the palladium oxide. With a larger surface the CO will be able to react
more efficiently [22]. So a bulk structure is preferred over a surface that
remains smooth for this particular reaction. We have also seen the Mars-
van Krevelen mechanism being more apt to reduce CO as opposed to the
Langmuir-Hinshelwood mechanism. With stoichiometric ratios the sam-
ple reduces back to its metallic state creating a less effective catalyst. This
is why we believe the ratio should be sought where the sample does not
reduce at different temperatures. At these ratios the PdO layer maintains
the Mars-van Krevelen mechanism while keeping the diffusion constant as
high as possible. Further experiments should be done toward the memory
of the system proposed, figure (4.2) shows a difference in oxide thickness
of the sample after equivalent measurements. The most probable cause
is the duration of the reduction done with CO. This must still be investi-
gated.
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Chapter5
Conclusion
The experiments have suggested the uniform growth of an oxide layer fol-
lowing the Mott-Cabrera theory. All measured areas of the system react si-
multaneously with comparable reduction in the reflectivity of the Pd(100)
surface. However, the search for spontaneous reaction oscillations as pre-
dicted by kinetic Monte-Carlo theory is not yet done. We have shown the
effectiveness of the Mars-Van Krevelen mechanism looking at stoichiomet-
ric ratios. The reduction of the surface was problematic for the comparison
of the surface with itself. At high oxygen flows the reaction will only occur
at the edge of the system and there again we were not able to conclude the
uniformity of the reaction. In future experiments we will be looking at the
ratio in which the palladium oxide layer will be maintained by the oxygen
while adding as much carbon monoxide as possible. We expect this ratio
to be the most effective ratio to mediate the
O2 + 2CO→ 2CO2 reaction the most efficiently.
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